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The scaling behavior of the so-called boson peak in glass-formers and its relation to the elastic
properties of the system remains a source of controversy. Here, the boson peak in a binary reactive
mixture is measured by Raman scattering (i) on cooling the unreacted mixture well below its glass
transition temperature and (ii) after quenching to very low temperature the mixture at different
times during isothermal polymerization. These different paths to the glassy phase are able to
generate glasses with different amounts of residual stresses, as evidenced by the departure of the
elastic moduli from a Cauchy-like relationship. We find that the scaling behavior of the boson peak
with the properties of the elastic medium — as measured by the Debye frequency — holds for states
in which the system is able to release internal stress and breaks down in the presence of residual
stresses. These findings provide new insight into the boson peak behavior and are able to reconcile
the apparently conflicting results presented in literature.
I. INTRODUCTION
It is now well established that the density of vibra-
tional states, g(ω), of amorphous materials differs in a
characteristic way from that of crystalline ones. Whereas
the low frequency g(ω) in crystals is well predicted by the
Debye model, the lack of long-range periodicity is respon-
sible for the universal presence, in amorphous materials,
of an excess contribution over the Debye prediction, evi-
denced as a peak in the reduced g(ω)/ω2 — the so-called
boson peak (BP). This anomalous feature appears in the
signal detected by several techniques, such as inelastic
neutron scattering [1], calorimetry [2], nuclear inelastic
scattering [3, 4], Mo¨ssbauer [5], Raman [6] and hyper-
Raman spectroscopy [7, 8]. Despite the long-standing
interest in this characteristic feature, its origin still re-
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mains a source of controversy [9–16].
An approach that conveys information without invok-
ing any model is studying the changes of these excess vi-
brational modes under the application of external stimuli
such as temperature and pressure, or by varying the sam-
ple conditions such as the volume available to the system,
the thermal history or the number of bonds between the
molecules. Without exception, available results are all in
agreement [3, 4, 13–22]: the BP shifts towards higher fre-
quencies and decreases in intensity when the sample be-
comes stiffer (increase of elastic constants). Recently, it
has been proposed to quantitatively test the role played
by the changes in the elastic properties by scaling the
BP data with the Debye frequency, a quantity defined
by the elastic medium. The question of whether such a
scaling is able to generate a master curve of the data,
and hence, the variations of g(ω) can be explained in
terms of elastic medium transformations is still highly de-
bated. So far, the accumulated evidence is apparently in
favor of opposite views: on one hand, the BP evolution in
sodium silicate glasses (cooled [13], compressed [16], hy-
2perquenched [3] and permanently densified samples [4])
and in an epoxy-amine mixture during chemical vitrifi-
cation [19] is controlled by changes in the system’s elas-
ticity, according to the Debye scaling law; on the other
hand, the BP variations in network forming glasses like
silica and GeO2 upon cooling [14, 15, 23], in permanently
densified silica [17], and in few polymers under pressure
[20, 21] are stronger than the elastic medium transfor-
mation, and the Debye scaling does not work. In light
of such controversial results the question we face is the
following: Do these results really conflict, or rather there
is a general explanation in terms of the elastic properties
of the systems?
It is well known that by changing the thermal history
or the thermodynamic path to the glass transition the
obtained glasses present different elastic properties, both
in term of sound velocity and in term of acoustic attenu-
ation [24, 25], because of the different amount of internal
stresses that develop for the inability of the system to
comply with the need to contract under external stim-
uli [26–29]. The stress-induced modification of elastic
properties in the glass can influence the vibrational dy-
namics and may have a role in the evolution of the BP.
So far this issue has never been considered but here we
clearly demonstrate, for the first time, the occurrence of
a stress-induced modification in the BP scaling behavior
of glasses. Starting from a reactive mixture in the fluid
phase, and combining the system’s ability to achieve the
glassy phase both by decreasing the temperature (ther-
mal vitrification) and by increasing the number of bonds
among the constituent monomers (chemical vitrification
[30–32]), we generate glasses with progressively different,
either increasing or decreasing, residual stresses. The in-
troduction of significant levels of internal stress in the
system leads to a clear departure of the elastic moduli
from the generalized Cauchy relation. Our results from
Raman (RS) and Brillouin light scattering (BLS) provide
evidence that the scaling of the BP with the properties
of the elastic medium — as measured by the Debye fre-
quency — breaks down when the Cauchy-like relation-
ship starts failing, and tends to be recovered when the
amount of residual stress is reduced.
II. EXPERIMENTS
Our system is an epoxy-amine mixture of diglycidyl
ether of bisphenol-A (DGEBA) and diethylenetriamine
(DETA) in the 5:2 stoichiometric ratio. The two
monomer types are mutually reactive and polymerize by
stepwise addition with a rate of reaction strongly con-
trolled by the temperature. At T=275 K the reaction
runs out in ∼ 2.5 days. The polymerization proceeds
until the particles diffuse and the unreacted sites can be-
come close to each other, then stopping when the average
particle diffusion decreases to vanishing levels [33, 34].
Therefore, the system spontaneously evolves into a glassy
structure (in the reacted mixture T reactedg ∼ 300 K). As
shown in ref. 19, throughout the isothermal reaction the
BP scaling law remains Debye-controlled and the elastic
moduli follow (within the errors) the Cauchy-like rela-
tion. At any time during the polymerization, however,
the system— as a usual glass former — can also be forced
to reach the glassy phase by decreasing the temperature.
Exploiting this versatility, we have designed the follow-
ing two experiments to push the system into states with
different amounts of residual stress: (i) The first is a cool-
ing experiment of the unreacted mixture from above to
well below the glass transition (T unreactedg =231 K). The
freshly prepared mixture is progressively cooled from 275
K to 80 K, each temperature step is performed at ∼ 2 K
min−1. Since the rate of reaction at lower temperature
is further reduced, the advancement of reaction is pre-
vented and only the thermal vitrification route remains
viable. The system is always in equilibrium above Tg,
while the chosen cooling rate is fast enough to induce
an increasing amount of unrelaxed stress in the glassy
structure when the temperature is decreased below Tg
[28]. (ii) The second is a quench experiment performed
during the isothermal polymerization of the mixture. At
different times as reaction proceeds at 275 K, the par-
tially polymerized mixture is quenched to 73 K at ∼ 2
K min−1 and then brought back to the reaction T . The
effect of an isothermal polymerization is combined with
the effect of cooling in order to obtain at the same T
glasses with higher polymerization level and decreasing
amount of unrelaxed stress.
In all experiments, the two reagents were mixed and
stirred for about 2 min, and then transferred in the mea-
surement cell (a cylindrical pyrex vial of inner diameter
10 mm). Raman spectra were acquired in the frequency
range 3−1700 cm−1, using a Jobin Yvon U1000 in the HV
and VV polarization geometries, where V and H indicate
the polarization perpendicular and parallel to the scat-
tering plane. At temperatures lower than ∼ 220 K the
subtraction of a luminescence background was needed to
restore the symmetry of the Stokes and anti-Stokes inten-
sities after reduction by [n(ω)+1]ω, where n(ω)+1 is the
Bose population factor. The reduced spectra were then
normalized to the intensity of the molecular vibration
peaks at high frequency (ω > 600 cm−1). The depolar-
ization ratio, ρ(ω) = IHV (ω)/IV V (ω), has the constant
value 0.75± 0.02 in the frequency range 5-100 cm−1, in-
dependent of temperature and consistent with the value
0.77± 0.03 that we measured during the polymerization
process. The depolarized Raman intensity IHV (ω) has
been used to obtain a quantity proportional to the re-
duced density of vibrational states g(ω)/ω2, following the
same procedure as in ref. 19. In particular, the quasielas-
tic scattering contribution IQES(ω) has been described
with a Lorentzian tail [35], subtracted from the total sig-
nal, and the remaining vibrational component IBP (ω)
has been related to g(ω) through the effective relation
IBP (ω) = C(ω)g(ω)[n(ω) + 1]/ω, where C(ω) is the Ra-
man coupling function that we reasonably approximate
as C(ω) ∝ ω for frequencies around the BP maximum
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FIG. 1: (a) The reduced density of vibrational states, g(ω)/ω2, for the unreacted DGEBA-DETA 5:2 mixture at different
temperatures as indicated in the legend. (b) The quantity g(ω)/ω2 for the DGEBA-DETA 5:2 mixture at different reaction
times during the isothermal polymerization at 275 K (data from ref. 19 — grey lines and open symbols), and after quenching
at 73 K some partially polymerized states (solid symbols) as indicated in the legend. (c) Reduced density of vibrational states
after rescaling by the Debye frequency ωD. Symbols are the same as in panel (a). Inset: ωD as function of the temperature.
(d) Reduced density of vibrational states after rescaling by the Debye frequency ωD. Symbols are the same as in panel (b).
Inset: ωD as function of the reaction time, during the isothermal polymerization at 275 K (•) and after quenching at 73 K
seven partially polymerized states ().
[6, 36–39] and assume not to change appreciably with T
[6, 23].
Brillouin spectra were acquired in the 90◦–scattering
geometry using a Sandercock-type 3+3-pass tandem
Fabry-Pe´rot interferometer, with λ=532 nm and no selec-
tion of the polarization for the scattered light (VU). This
configuration allows to detect both longitudinal acous-
tic modes, which scatter light without change of po-
larization, and transverse acoustic modes, which scat-
ter light with change of polarization. The correspond-
ing sound velocities have been calculated as vL,T =
νL,Tλ/(2n sin θ/2), where νL,T are the frequencies of the
acoustic modes, n the refractive index of the sample, and
θ the scattering angle. The resulting values have been
processed along with the results of previous BLS and IXS
experiments [19], in order to obtain the longitudinal and
transverse sound velocities in the high-frequency, solid-
like limit (details are given in the Appendix).
III. RESULTS
Fig. 1(a) shows the obtained g(ω)/ω2 for the unreacted
mixture in a wide temperature range, above and below
the glass transition. The BP evolution is clearly visi-
ble: as the temperature decreases, the BP shifts towards
higher frequencies and decreases in intensity. The change
is of ∼ 100% in frequency position and ∼ 400% in height
when T decreases from 275 to 80 K.
Fig. 1(b) shows the same quantity, g(ω)/ω2, measured
during the polymerization at 275 K, and after quenching
at 73 K the sample at different extents of polymerization.
On increasing the number of covalent bonds under con-
stant T and P the system changes from liquid to glass
and the BP shows qualitatively similar changes to those
observed on cooling the unreacted mixture. However, the
BP evolution of the quenched states reveals a non-trivial
behavior. In fact, each quench produces, as expected,
an additional moving of the BP position toward higher
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FIG. 2: Real part of the longitudinal modulus M ′ vs. real
part of the transverse modulus G′ of the DGEBA-DETA 5:2
mixture during the isothermal polymerization reaction at 275
K () [40], under cooling the unreacted mixture (⋆), and
after quenching at 73 K the sample at different extents of
polymerization (•). Open circles represent the elastic moduli
in the partially polymerized states at 275 K before quenching.
Error bars are comparable with the symbol size. The solid line
is the Cauchy–like relationM ′ = (3.16±0.08)+(2.99±0.02)G′ .
frequencies and a significant decrease in height, but this
effect has not the same entity at different extents of poly-
merization. Indeed, the first quench, performed after 1
hour of reaction, doubles the frequency of the BP max-
imum and reduces of ∼ 3.5 times its intensity; the last
quench, performed on the fully polymerized mixture af-
ter 60 hours of reaction, only increases of ∼ 30% the fre-
quency of the BP maximum and reduces of ∼ 1.6 times
its intensity. As a result, the BP measured at 73 K at
increasing extents of polymerization shifts to lower fre-
quencies and increases in height, clearly in contrast to
the evolution that would be expected in equilibrium at
fixed T . In the following, we will consider these varia-
tions of the BP in relation to the transformation of the
elastic medium.
To quantify the elastic medium transformation, we cal-
culate the variations of the Debye frequency:
ωD = (6pi
2ρNANF/M)
1/3〈v〉 (1)
where NA is the Avogadro’s number, NF the average
number of atoms per molecule in the sample,M the aver-
age molar weight, and ρ is the density, obtained using the
procedure described in ref. [40]. 〈v〉 is the Debye sound
velocity, defined as 〈v〉−3 = [(v∞L )
−3+2(v∞T )
−3]/3, where
v∞L and v
∞
T are the solid-like longitudinal and transverse
sound velocities, respectively [13, 19]. It should be em-
phasized that when the system undergoes a vitrification
process, whether physical or chemical, the sound veloc-
ities become visco-elastic properties and acquire an in-
trinsic frequency dependence. While an inelastic x-ray
scattering (IXS) experiment, performed in the THz fre-
quency region, always probes v∞L , the sound velocities
measured by BLS in the GHz frequency region are, in
the fluid phase, still affected by viscoelastic effects and
must be processed adequately in order to obtain v∞L and
v∞T (see details in the Appendix). Using the density data
and the proper values of sound velocities, we calculate the
Debye frequencies ωD reported in the inset of Fig. 1(c)
and 1(d).
IV. DISCUSSION
Figs. 1(c) and 1(d) show the evolution of the re-
duced density of vibrational states corrected for the elas-
tic medium transformation, i.e. rescaled in Debye fre-
quency units. It appears a more complex behavior than
that so far reported in the literature, including regions of
Debye scaling and regions of non-Debye scaling of the BP.
The significance of this behavior emerges in connection
with the behavior of the elastic moduli, shown in Fig. 2.
The real part of the longitudinal and transverse modu-
lus is measured by BLS as M ′ = ρv2L and G
′ = ρv2T ,
where vL and vT are the longitudinal and transverse
sound velocities at the BLS frequency. It is known that
the elastic properties of an isotropic amorphous system
at equilibrium satisfy a generalized Cauchy-like relation,
M ′ = A + 3G′ [40–42]. Such relation is theoretically
understood for any isotropic material in which particles
interact by means of two-body central forces [43]. It is
known as well, on experimental basis, that stresses not
released within an out-of-equilibrium glassy matrix not
only induce altered values of the elastic moduli [26, 27]
but also change the relationship between them, lead-
ing to violation of the generalized Cauchy-like relation
[28]. Although not yet theoretically understood, this
behavior could be connected with the breakdown of er-
godic assumption in the glassy state, and with the strong
possibility that unrelaxed macroscopic stresses develop
anisotropy in the material. As shown in Fig. 2, the rela-
tion M ′ = (3.16± 0.08) + (2.99 ± 0.02)G′ that connects
in our system the elastic moduli during the polymeriza-
tion at 275 K also connects the moduli of the unreacted
mixture for temperatures above Tg. This linear relation
therefore characterizes, independently from the stiffening
path, the states in which the system is able to release in-
ternal stresses and is our tool to discriminate them from
the stressed ones. As expected, the data clearly confirm
the presence of residual stress in the glassy structure of
the unreacted mixture below Tg and in all the quenched
states of the partially polymerized sample. In particu-
lar, the data for the unreacted mixture deviate from the
Cauchy–like behavior by following a linear trend with
slope higher than 3, indicating the onset of internal stress
just below Tg.
With this in mind, the behaviors in Figs. 1(c) and 1(d)
can be read as follows. (i) In the cooling experiment, the
corrections for the elastic medium completely remove the
5differences in the BP at temperatures above Tg, where
the system is able to release internal stresses. As T de-
creases below Tg, the system retains internal stresses,
and correspondingly the Debye scaling for the BP breaks
down. The influence of temperature on the BP becomes
stronger than the transformation of the elastic medium,
and specifically, the rescaled spectra progressively move
to higher frequency and decrease in intensity [see the ar-
row in Fig. 1(c)], thus indicating an actual progressive
loss of vibrational states compared to the system at equi-
librium. (ii) In the quench experiment, internal stress is
accumulated in the sample and the Debye-scaling prop-
erties that characterize both the liquid and the glassy
phase of the isothermal polymerization get lost. Again,
the BP in Debye units stays higher in frequency but lower
in intensity compared to the master curve at equilibrium,
confirming a deficit of vibrational states in the presence
of a significant amount of internal stresses. However, it
should be noted that in this case the rescaled spectra have
an opposite trend [see the arrow in Fig. 1(d)]: they move
to lower frequency and increase in intensity, suggesting
an eventual match with the master curve generated in
a stress-free condition. This indicates that reducing in-
ternal stresses tends to restore the Debye scaling of the
BP.
It is interesting to note that independently from the va-
lidity of the Debye scaling the spectral shape of the BP re-
mains unchanged (Fig. 3). When the spectra do not scale
with ωD — i.e., when the representation [g(ω)/ω
2]ω3D vs.
ω/ωD is no longer generating a master curve — the spec-
tra can still be scaled on each other using different scaling
factors for the BP position and intensity. This indicates
that changes in the distribution of modes around the BP
occur in a way that the scaled spectral shape remains es-
sentially unaffected, despite the system undergoes strong
changes of physical and chemical nature. Our case broad-
ens the class of materials where invariance of the BP
spectral shape has been observed [3, 4, 13–15, 17, 19–
21, 23], and offers an example of invariance even against
the formation of chemical bonds between the constituent
molecules, suggesting that the BP distribution is a sys-
tem’s characteristic.
In the case of non-Debye scaling, by denoting with ωx
and ω−3y the factors that scale, respectively, the BP po-
sition and intensity on the master curve generated in
a stress-free condition, we always find in our system
ωD < ωy < ωx. This result is shown in Fig. 4 for the
unreacted mixture as a function of T . We remark that it
is in agreement with the behavior of the BP position and
intensity observed in silica as a function of T , considering
that silica becomes stiffer (higher elastic moduli) when T
increases [14]. On the contrary, studies of BP as a func-
tion of pressure [20, 44] report an increase with P in the
BP intensity relative to the Debye level (ωy < ωD) while
the BP frequency in Debye units increases (ωx > ωD).
The difference in the intensity behavior could indicate
a difference in the effect of T and P on the vibrational
modes in the glass under stress, which in the first case
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scaled spectral shape.
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experiences negative pressure rather than positive. How-
ever, additional experimental evidences are needed to as-
sess the generality of this observation.
All together our results can help provide a rationale
for the apparently conflicting conclusions of previous in-
vestigations of BP scaling behavior. The key point is
that existing studies are limited to glass-formers below
their glass transition and hence always in a condition in
which the particle configurations cannot fully relax to
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FIG. 5: Longitudinal modulus M ′ vs. transverse modulus G′
of vitreous silica under cooling (⊠; data from ref. [14], to be
read on the right and top axes), and of five polymers under
pressure (see legend; data from ref. [21]). For clarity, the data
of PS, PMPS and PBD are vertically shifted by +2, +6 and
+9, respectively. The lines are a linear fit, M ′ = A + BG′.
Inset: M ′ vs. G′ in sodium silicate glasses — cooled (;
data from ref. [13]); hyperquenched (△; data from ref. [3]);
permanently densified (©; data from ref. [4]).
equilibrium and the system cannot fully release internal
stresses. Therefore, they should not give a Debye-scaled
BP. However, on the basis of our results, if the amount of
stress retained within the glassy structure is small, such
that deviations from the Chauchy-like relationship can-
not be appreciated within the experimental uncertainty,
then the BP is expected to scale reasonably well with the
elastic properties of the medium; otherwise one expects
the BP scaling does not work. To test this expectation,
we check the validity of the Cauchy–like relation in all
the so far studied systems (Fig. 5). Available M ′ and G′
data for systems in which the BP evolution is not Debye-
controlled are collected in the main panel of Fig. 5, while
data for systems in which the BP reasonably scales with
ωD are presented in the inset. Surprisingly, all data in
the main panel exhibit an angular coefficient (B) signifi-
cantly higher than 3 revealing the presence of stress in the
investigated samples, while the data in inset are all com-
patible with a low-stress condition (B ≈ 3) [45]. In this
regard, our study suggests that if internal stress would
be drastically reduced by applying appropriate anneal-
ing treatments to the stressed samples, then the Debye
scaling of the BP would tend to be recovered.
V. CONCLUSIONS
By a combination of experiments performed during
polymerization and quenching of a reactive mixture, we
provide evidence that the Debye scaling of the BP holds
for states in which the system is able to release internal
stresses, whereas deviations from the scaling originate in
the presence of residual stress, evidenced by deviations
from the generalized Cauchy relation. In particular, we
have shown that for our system, independently from the
vitrification path, the BP spectra can be scaled into a
single master curve by means of two independent param-
eters, one for the frequency axis and one for the intensity;
in case the residual stresses are negligible these parame-
ters are equal and coincide with the value of the Debye
frequency. Therefore, while the scaled spectral shape of
the BP appears to be a system’s characteristic, there may
be different scaling regimes controlled by the presence of
residual stress. The reported correlation between break-
down of the Debye scaling and violation of the Cauchy-
like relationship is also able to give a rationale of all the
previous conflicting results in the literature.
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Appendix: Derivation of solid-like sound velocities
BLS and IXS measurements as a function of time dur-
ing isothermal polymerization of the DGEBA-DETA re-
active mixture at 275 K were previously reported; [19, 32]
in the present work, BLS measurements have been ex-
tended as a function of temperature by cooling the un-
reacted mixture from 275 K to 80 K, and after differ-
ent quenches (to 73 K) of the mixture at different times
of polymerization. From these experiments, we have de-
rived the appropriate solid-like velocities v∞L and v
∞
T that
are needed to calculate ωD in all the experimental con-
ditions of the present study, as follows:
(i) During the isothermal polymerization at 275 K, v∞L
is directly measured by IXS and v∞T , which is not accessi-
ble in the IXS experiment, is obtained using the Cauchy-
like relation M ′ = (3.16 ± 0.08) + (2.99 ± 0.02)G′, that
connects the longitudinal modulus M ′ = ρv2L and the
transverse modulus G′ = ρv2T at all frequencies, with ρ
the density [40]. The v∞T data as function of the poly-
merization time are shown in Fig. 6(a) with a solid line.
(ii) In the quenched states at 73 K the system is well
into the glassy phase and BLS directly measures the
solid-like elastic values of both v∞L and v
∞
T . The data
are reported as solid circles and squares in Fig. 6(a).
(iii) For the unreacted mixture under cooling, in the
temperature region below Tg the sound velocities mea-
sured by BLS already correspond to the high-frequency
values v∞L and v
∞
T (solid symbols in Fig. 6(b)), while in
the temperature region above Tg the IXS measurement
made at the beginning of the isothermal polymerization
provides the value of v∞L at 275 K (this value is marked
with a star in Fig. 6(b)). Joining this last point to the
point at T ∼ Tg, by assuming a linear dependence on
temperature as observed for the BLS data (open sym-
bols), allows us to obtain v∞L also in the viscoelastic fluid.
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FIG. 6: (a) Longitudinal and transverse (, ◦) sound veloc-
ity measured by BLS during isothermal polymerization at 275
K, [19] and after quenching at 73 K some partially polymer-
ized states (, •). The velocities at 275 K measured just
before and after the quench procedure are indicated with tri-
angles. The BLS values during polymerization are compared
with their high-frequency values v∞L () and v
∞
T (solid line),
which are obtained by IXS [19] and using the Cauchy-like
relation. [40] (b) Longitudinal (, ) and transverse (◦, •)
sound velocity measured by BLS in the unreacted mixture as
a function of temperature. A star indicates the longitudinal
high-frequency value v∞L measured by IXS at 275 K. The solid
line above is the linear interpolation of this value to the value
measured by BLS at ∼ Tg, and the solid line below is the
high-frequency transverse sound velocity estimated from the
longitudinal one using the Cauchy-like relation.
The corresponding values of v∞T are obtained from the
Cauchy-like relation [40]; these results are reported in
Fig. 6(b) with a solid line.
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